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ABSTRACT
Aims. The aim of this study is to search for evidence of a common emission engine between radio giant pulses (GPs) and very-high-
energy (VHE, E>100 GeV) γ-rays from the Crab pulsar.
Methods. 16 hours of simultaneous observations of the Crab pulsar at 1.4 GHz with the Effelsberg radio telescope and the Westerbork
Synthesis Radio Telescope (WSRT), and at energies above 60 GeV with the Major Atmospheric Gamma-ray Imaging Cherenkov
(MAGIC) telescopes were performed. We searched for a statistical correlation between the radio and VHE γ-ray emission with search
windows of different lengths and different time lags to the arrival times of a radio GP. A dedicated search for an enhancement in
the number of VHE γ-rays correlated with the occurrence of radio GPs was carried out separately for the P1 and P2 phase ranges
respectively.
Results. 99444 radio GPs have been detected in the radio data sample. We find no significant correlation between the GPs and
VHE photons in any of the search windows. Depending on phase cuts and the chosen search windows we find upper limits at 95%
confidence level on an increase in VHE γ-ray events correlated with radio GPs between 7% and 61% of the average Crab pulsar VHE
flux for the P1 and P2 phase ranges respectively. This puts upper limits on the flux increase during a radio GP of 12% to 2900%
(depending on search window duration and phase cuts) of the pulsed VHE flux. This is the most stringent upper limit on a correlation
between γ-ray emission and radio GPs reported so far.
Key words. pulsars: individual: Crab pulsar - gamma-rays: stars - radio continuum: stars - radiation mechanics: non-thermal
1. Introduction
Since the discovery of the first pulsar (Hewish et al. 1968), more
than 2500 of these objects have been found (Manchester et al.
? Corresponding authors:
natalia.lewandowska@mail.wvu.edu
tsaito@icrr.u-tokyo.ac.jp
2005). They have been observed in a large variety regarding their
emission properties which led to the designation of diverse pop-
ulations in the literature (see review by Harding 2013). Some
pulsars are observed only at certain wavelengths, while others
can be observed throughout large parts of the electromagnetic
spectrum. The Crab pulsar has been observed so far from about
10−8 eV (20 MHz, Ellingson et al. 2013) up to 1.5 · 1012 eV
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(Ansoldi et al. 2016). The approximate alignment of its pulsed
emission across the electromagnetic spectrum (time delays were
reported by Oosterbroek et al. 2008) suggests a common engine
for its broadband pulsed emission. The Crab pulsar is therefore
a suitable object to test various emission theories explaining the
generation of its multi-wavelength emission.
The average pulse profile of the Crab pulsar changes with
frequency, showing up to seven different components (Moffett
& Hankins 1996; Hankins et al. 2015). In the radio band, below
5 GHz, it consists of the "Main Pulse" (MP, at a rotation phase
from ∼ -0.01 to ∼ 0.01), the "Low Frequency Interpulse" (LFIP,
from ∼ 0.39 to ∼ 0.42 in phase), the "Precursor" (PC, from ∼
-0.07 to ∼ -0.02 in phase, only below 0.6 GHz) and the "Low
Frequency Component" (LFC, from ∼ -0.14 to ∼ -0.07 in phase,
only between 0.6 and 4.2 GHz). At above 5 GHz, the MP van-
ishes, and an additional interpulse component known as "High
Frequency Interpulse" (HFIP) occurs which is shifted by about
0.02 with regard to the LFIP and located at ∼ 0.36 to ∼ 0.42 in
phase. In addition, two components known as High Frequency
Components (HFC1 at ∼ 0.53 to ∼ 0.67 in phase, HFC2 at ∼
0.68 to ∼ 0.81 in phase) appear (Moffett & Hankins 1996; Hank-
ins et al. 2015). The names of all components and corresponding
phases are summarized in Table 1.
Extensive single pulse studies of the Crab pulsar below and
above about 5 GHz show even more complex features (Hankins
et al. 2016). While MP and LFIP single pulses consist of several
microsecond long bursts which can be resolved into single pulses
of nanoseconds duration with continuous spectra across the ob-
serving band, HFIP single pulses consist of one burst of emission
of several microseconds duration with non-uniform spectra in
the form of proportionally spaced emission bands (Hankins et al.
2016). No single pulses of nanosecond duration were detected in
the case of HFIP single pulses. The observed differences there-
fore suggest similar emission physics for MP and LFIP single
pulses and different ones for HFIP single pulses (Hankins et al.
2016).
Single pulses whose flux density is more than 10 times
higher than the mean are called giant pulses (GPs, Karuppusamy
et al. 2010). The pulse widths of radio GPs from the Crab pulsar
are in the microseconds to nanoseconds range (Hankins et al.
2003) and their intensity distributions can be described by a
power-law (Argyle & Gower 1972). The shortest widths ob-
served so far have been reported to be less than 0.4 ns, resulting
in a brightness temperature of about 1041 K (Hankins & Eilek
2007). The high brightness temperatures imply a coherent emis-
sion mechanism (Hankins et al. 2009). Strong and frequent radio
GPs are observed mainly at the phase ranges of MP, LFIP and
HFIP (Jessner et al. 2010; Hankins 2012). Such a complex evo-
lution of the average profile in radio wavelengths has never been
observed in any other pulsar so far.
In the γ-ray band the average pulse profile is smoother and
broader than at radio frequencies (Kuiper et al. 2001; Abdo et al.
2010; VERITAS Collaboration et al. 2011; Aleksic´ et al. 2012).
Rotation phases between -0.01 to ∼0.1 are often called the "P1",
the ones between 0.3 and 0.5 are the "P2", and the ones between
∼0.1 and 0.3 are known as the "Bridge" (Fierro et al. 1998; Alek-
sic´ et al. 2014). Note that the MP is included in the P1 range,
while LFIP and HFIP are in the P2 range as shown in Table 1.
Because of the above mentioned high energy density of GPs
in small volumes, a correlation between radio GPs and emis-
sion at higher energy bands can be hypothesized (e.g. Eilek &
Hankins 2016). One process that could facilitate the required
energy release on short spatial and temporal scales is mag-
netic reconnection in the current sheet outside the light cylin-
der. In this process, kinetic instabilities break the frozen-in con-
dition of ideal magnetohydrodynamics (MHD; Contopoulos &
Kalapotharakos 2010; Tchekhovskoy et al. 2013) which holds
at large1 scales and converts magnetic energy into kinetic en-
ergy of high energy particles. Both particle-in-cell simulations
(Spitkovsky 2006; Cerutti et al. 2012) and analytical descrip-
tions (Contopoulos et al. 1999; Contopoulos 2007) of the pulsar
magnetosphere confirmed the existence of current sheets, and
showed the important role that the magnetic reconnection mech-
anism can play (Uzdensky & Spitkovsky 2014). Each stochas-
tically occurring reconnection event would produce radio and
high energy emission from e.g. synchrotron emission of the en-
ergetic particles. Even if a comprehensive theoretical framework
does not exist yet, the possibility of finding such a correlation
between radio and γ-rays triggered different observations in the
γ-ray band.
The Crab pulsar has been also extensively studied in the
very-high-energy (VHE) γ-ray range. Imaging Air Cherenkov
Telescopes (IACTs) like MAGIC (Major Atmospheric Gamma-
ray Imaging Cherenkov telescopes) and VERITAS (Very Ener-
getic Radiation Imaging Telescope Array System) revealed that
the P2 component is dominant above 50 GeV up to 1.5 TeV,
while the P1 component has been measured up to 600 GeV (Aliu
et al. 2008; VERITAS Collaboration et al. 2011; Aleksic´ et al.
2012; Ansoldi et al. 2016). The bridge emission is significantly
detected only up to ∼150 GeV (Aleksic´ et al. 2014). Any pulsed
emission above 25 GeV cannot be explained by the conventional
polar-cap pulsar models (Ruderman & Sutherland 1975; Daugh-
erty & Harding 1982; Baring 2004) and challenges the slot-gap
scenario (Harding et al. 2008), while outer-gap models in which
γ-rays are produced by curvature radiation of electrons acceler-
ated in the magnetosphere (Hirotani 2008; Tang et al. 2008) are
favored.
In the present work, we explore the association between ra-
dio GP and VHE (E > 100 GeV) γ-rays. Separate analyses have
been conducted in order to search for evidence of common emis-
sion between GPs and VHE γ-rays for each of the two γ-ray
peaks P1 and P2 (and corresponding radio phases MP and LFIP
respectively). From now on, adopting the notation of Aleksic´
et al. (2014), we will refer to P1 GPs and P2 GPs to indicate
GPs falling inside the VHE γ-rays phase range [-0.01 to 0.02]
and [0.37 to 0.42] respectively: due to the radio frequency con-
sidered in the present work (1.4 GHz), this will translate to MP
GPs and LFIP GPs.
Given that the origin of GPs is not known, it is certainly
interesting to search for a correlation between radio GPs and
VHE pulsed photons, although there is currently no theoreti-
cal approach which describes their correlation. In fact, several
searches for multi-wavelength counterparts of radio GPs and op-
tical photons were reported with 7.8 σ (Shearer et al. 2003) and
7.2 σ (Strader et al. 2013) significance for MP GPs and 1.75
σ (Shearer et al. 2003) and 3.5 σ (Strader et al. 2013) for LFIP
GPs. This result implies the existence of an additional incoherent
emission mechanism associated with radio GPs from the Crab
pulsar. Similar studies were carried out in the X-ray band, find-
ing no correlation (Bilous et al. 2012; Mikami et al. 2013, 2014;
Hitomi Collaboration et al. 2018).
Past searches for a correlation between radio GPs and γ-rays
from the Crab pulsar provided no positive results either (Argyle
et al. 1974; Lundgren et al. 1995; Bilous et al. 2011; Mickaliger
et al. 2012). The only other recent study for which data from an
IACT was used was carried out by VERITAS (Aliu et al. 2012),
1 larger than the kinetic length scales in the plasma.
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Table 1: Rotational phase ranges, frequency ranges of occurrence and nomenclature of average emission components of the Crab
pulsar.
Radio γ-ray
Name Phase Range1 Frequency1 Name Phase Range2
[Periods] [GHz] [Periods]
LFC ∼ -0.14 to ∼ -0.07 0.6 - 4.2
PC ∼ -0.07 to ∼ -0.02 0.3 - 0.6 P1 ∼ −0.01 to ∼ 0.02
MP ∼ -0.01 to ∼ 0.01 0.3 - 4.9
Bridge ∼ 0.02 to ∼ 0.37
HFIP ∼ 0.36 to ∼ 0.42 4.2 - 28.4 P2 ∼ 0.37 to ∼ 0.42
LFIP ∼ 0.39 to ∼ 0.42 0.3 - 3.5
HFC1 ∼ 0.53 to ∼ 0.67 1.4 - 28.0 off-pulse ∼ 0.52 to ∼ 0.87
HFC2 ∼ 0.68 to ∼ 0.81 1.4 - 28.0
1 Radio phase ranges and frequency values are taken from Hankins et al. (2015).
2 γ-ray phase ranges are taken from Aleksic´ et al. (2014).
who searched for a correlation between radio GPs at 8.9 GHz
and VHE γ-rays with energies higher than 150 GeV. With a to-
tal overlap of 11.6 h, they reported upper limits of 5 to 10 times
the average Crab pulsar VHE flux on the flux measured simulta-
neously with P2 GPs and of 2 to 3 times the average VHE flux
on time scales of about 8 seconds around P2 GPs. The present
study focuses on the search for a correlation between radio GPs
from the Crab pulsar and its VHE γ-ray emission. The differ-
ences with respect to the study carried out by the VERITAS Col-
laboration in Aliu et al. (2012) are the following:
1. The corresponding radio data presented here were taken at
a center frequency of about 1.4 GHz, whereas radio obser-
vations described in Aliu et al. (2012) were carried out at
8.9 GHz. Based on the results by Hankins et al. (2016) we
are addressing a different population of radio GPs.
2. The γ-ray observations reported here were carried out at
energies above 60 GeV, where the P1 emission is pro-
nounced, while in Aliu et al. (2012) the energy threshold
was above 150 GeV, where the P1 emission is much fainter
(Aleksic´ et al. 2012). The lower energy threshold of MAGIC
(Ethr ∼ 60 GeV) in comparison with the energy threshold of
VERITAS (Ethr ∼ 150 GeV) allows a more comprehensive
analysis of the correlation between VHE γ-rays and the P1
GPs.
3. The amount of simultaneous observations between VHE γ-
rays and radio is larger in the present study (16 h vs 11.6 h),
corresponding to the currently largest sample of simultane-
ous VHE γ-rays and radio GP data taken with an IACT.
The paper is organized as follows: the observations and data
analysis are described in Sec. 2. The construction of the Monte
Carlo (MC) simulations is described together with the correla-
tion study in Sec. 3. The results are discussed in Sec. 4 and a
summary can be found in Sec. 5. The appendix A carries a de-
tailed explanation of the MC simulations developed specifically
for this study.
2. Observations and Data Reduction
2.1. Radio Observations
The radio observations were carried out with the Effelsberg ra-
dio telescope and the Westerbork Synthesis Radio Telescope
(WSRT) at a frequency of about 1.4 GHz. The two facilities
scheduled complementary observations in order to exclude over-
laps in the recorded data sample. Observations of the Crab pulsar
with the Effelsberg radio telescope were carried out in baseband
mode with the P217 mm and P200 mm prime focus receivers
and the PSRIX pulsar backend (Lazarus et al. 2016). The Crab
pulsar observations taken with the WSRT were carried out with
13 out of 14 available antennas, their Multi-frequency Front End
Receivers (MFFEs, Casse et al. 1982; Tan 1991), and the PuMa
II pulsar backend (Karuppusamy et al. 2008).
All radio data sets were coherently dedispersed (Hankins &
Rickett 1975) during an off-line reduction process. For this part
of the reduction the digital library DSPSR (van Straten & Bailes
2011) was used. After the dedispersion procedure, the result-
ing data sets were phase folded with ephemeris files obtained
from the Jodrell Bank Observatory (Lyne et al. 1993). To en-
sure absolute alignment between the radio and γ-rays pulses, an
ephemeris which covered the observing days was created and
used instead of the monthly released one. To extract the brightest
single pulses, an additional data selection, based on the standard
deviation of the signal in the OFF-pulse radio emission regions,
was introduced in the dedispersed data sets. With this technique,
a total number of 99444 GPs was extracted from the radio data.
A summary of all the radio observations performed for this
study is given in Table 2 and a corresponding phase diagram
of an observation taken with the Effelsberg telescope and the
WSRT is shown in Fig. 1.
2.2. γ-Rays Observations
VHE γ-rays observations were carried out with the MAGIC tele-
scopes between December 2012 and February 2013 (simulta-
neously with observations either with the Effelsberg radio tele-
scope, or the WSRT). They were taken at zenith angles of less
than 30◦ to achieve the lowest possible energy threshold, and
with both telescopes in Wobble observation mode (Fomin et al.
1994). The reduction of the resulting data was carried out ac-
cording to the standard analysis pipeline using the MAGIC Anal-
ysis and Reconstruction Software (MARS, Zanin et al. 2013).
To efficiently suppress the hadronic background without los-
ing a large fraction of air showers induced by VHE photons
from the Crab pulsar, energy dependent cuts in Hadroness (a
test statistic for discrimination between a γ-ray or a hadron in-
duced shower) and θ2 (the squared angular distance between the
expected source position and the reconstructed one) parameters
were performed (details in Aleksic´ et al. 2016). They were op-
timized on an independent data sample of 46 hours of observa-
tions, taken at zenith angles of less than 30◦, same as the main
data set used in the present work. For an energy range spanning
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Fig. 1: Phase diagram resulting from one Effelsberg observation (2017-12-07, red solid curve) and one WSRT observation (2017-
12-10, green dashed curve). MP is visible near phase 0.0 and 1.0 whereas LFIP near phases 0.4 and 1.4. The blue dotted curve
represents the sum of both observations.
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Fig. 2: Phase diagram resulting from the MAGIC data after the barycentering process and the cut selection, in the energy range
43-368 GeV. The resulting significance is 6σ. The gray areas correspond with the pulsed emission regions as determined by Aleksic´
et al. (2012) for the energy range 50-400 GeV. P1 is visible around phase values of 0 and 1, whereas P2 is located around 0.4 and
1.4.
from 5 GeV to 50 TeV, 30 logarithmic energy bins were defined.
In each energy bin the Hadroness and θ2 parameters were op-
timized to maximize the significance of the pulsed γ-ray signal
taking into account the continuous emission from the Crab Neb-
ula as described in Aleksic´ et al. (2012).
After optimizing the cuts in each energy bin separately we
picked the bins in the energy range from 42.9 to 367.8 GeV that
correspond to the energy range in Aleksic´ et al. (2012). The 16
hours of VHE γ-ray data taken simultaneously with radio obser-
vations detected the pulsar clearly above the background of the
Crab nebula (with 6.0 σ significance) in that range, as shown in
Fig. 2.
For the barycentering of the VHE γ-ray data the TEMPO2
pulsar timing software (Hobbs et al. 2006) and the same
ephemeris files were used as for the radio data (Lyne et al. 1993).
The folded light curve obtained after the barycentering process
and the selection cuts is shown in Fig. 2: the gray shadowed areas
are the results from the previous MAGIC phase resolved analy-
sis of the Crab Pulsar (Aleksic´ et al. 2012). The overlap with the
present data (blue filled area) shows the compatibility between
the two analyses, even if the energy ranges for the two results
are slightly different (our results are shown here for the energy
range 43 to 368 GeV while results from Aleksic´ et al. (2012)
were obtained in the energy range from 50 to 400 GeV. To fur-
ther quantify the compatibility with previous MAGIC results, we
report in Table 3 the number of excess events, significance and
the full width at half maximum (FWHM) of a Gaussian fit to the
peaks of P1 and P2 respectively, from the work of Aleksic´ et al.
(2012, 2014), Ansoldi et al. (2016) and compare those with our
results.
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Table 2: Summary of radio and VHE γ-ray observations.
Epoch ν BW Facility NGP Tradio TMAGIC Toverlap
[YYYY-MM-DD] [MHz] [MHz] [h] [h] [h]
2012-12-07 1347.5 200 Eff 1687 1.8 2.9 0.8
2012-12-10 1380.0 160 WSRT 15456 2.0 2.0 1.9
2012-12-17 1347.5 200 Eff 3429 2.3 1.7 1.6
2013-01-08 1380.0 160 WSRT 5058 0.4 1.8 0.3
2013-01-09 1372.5 200 Eff 3525 1.7 1.9 1.2
2013-01-10 1380.0 160 WSRT 24274 2.0 1.8 1.5
2013-01-12 1347.5 200 Eff 6445 2.8 1.8 1.4
2013-01-31 1347.5 200 Eff 1688 1.5 2.0 . 0.7
2013-02-02 1380.0 160 WSRT 7118 0.9 2.0 0.9
2013-02-03 1380.0 160 WSRT 18392 2.0 1.8 1.7
2013-02-06 1347.5 200 Eff 4470 2.2 1.3 0.1
2013-02-07 1410.0 75 Eff 696 1.2 1.7 1.1
2013-02-08 1347.5 200 Eff 1046 0.5 1.7 0.1
2013-02-09 1347.5 200 Eff 3821 2.0 2.0 1.4
2013-02-10 1347.5 200 Eff 2339 1.7 1.8 1.3
Total 99444 24.8 28.3 16.0
Notes. The value ν stands for the center frequency, BW for the bandwidth, NGP for the number of extracted GPs, Tradio and TMAGIC indicate the
duration of the radio and the corresponding VHE γ-rays observation respectively. The acronym Eff stands for Effelsberg radio telescope while
WSRT for Westerbork Synthesis Radio Telescope.
Table 3: Comparison of the current data set with previous MAGIC observations of the pulsed emission from the Crab Nebula.
Reference Emission Component Nexcess FWHM σ Duration Erange
[h] [GeV]
Aleksic´ et al. (2012) P1+P2 1175 ± 116 — 10.4 73 46-416
Aleksic´ et al. (2014) P1 930 ± 120 0.025 ± 0.007 8 135 50-400
P2 1510 ± 120 0.026 ± 0.004 12 135 50-400
Ansoldi et al. (2016) P1 1252 ± 442 0.010 ± 0.003 2.86 320 100-400
P2 2537 ± 454 0.040 ± 0.009 5.66 320 100-400
P1+P2 433 ± 73 — 6.06 16 43-368
This work P1 144 ± 41 0.015 ± 0.005 3.5 16 43-368
P2 289 ± 58 0.036 ± 0.009 4.9 16 43-368
ttGP
before centered after
Fig. 3: Construction of search windows around a radio GP. The
central window is symmetric around the arrival time of a radio
GP. The advanced and delayed windows have the same length
and are adjacent in time to the centered window. This construc-
tion arranges the search windows in a hierarchy where all three
search windows of one length together form the centered search
window of the next larger duration.
3. Correlation Study
3.1. Approach
Due to the lack of statistical methods for the correlation analy-
sis of independent event lists2, but also for comparability with
results from previous studies with IACT data, we adopted the
approach described in Aliu et al. (2012). The number of coinci-
dences between VHE γ-rays and GPs was counted inside a given
search window (SW, see Fig. 3). SWs were defined in terms of
fractions or multiples of one rotational period of the Crab pulsar,
namely: 1/9, 1/3, 1, 3, 9, 27, 81, 243, 729, 2187. With the aim of
reducing the background emission from the Crab Nebula in our
analysis, and to conduct dedicated studies on P1 and P2 respec-
tively, we extended the approach of Aliu et al. (2012) adopting
SWs smaller than one rotational period (1/9 and 1/3). Exploring
different SWs allowed us to change the trade-off between sta-
tistical and systematic uncertainties. Moreover, the SWs smaller
than one that we consider in the present work only contain one
of the pulsed emission components, either P1 or P2, depending
2 A discussion of that problem can be found in Edelson & Krolik
(1988).
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at which phase range the radio GPs are located. Hence, SWs
smaller than one rotation period of the Crab pulsar describe here
the increase of VHE photons centered on radio GPs from only
one of the regular emission components instead of both, and this
allowed us to perform two separate analyses focused on P1 GPs
and P2 GPs. As explained in Sec. 1, the indication of different
emission mechanisms of GPs in P1 and P2 makes the separated
analysis an important tool to deeply investigate the possible co-
incidences between GPs at various phase ranges at different en-
ergies.
Since the emission mechanism of radio GPs is unknown, a delay
in the generation of radio GPs and VHE photons cannot be ex-
cluded. Therefore the search windows were constructed for three
different orientations in time: before, centered on, and after a ra-
dio GP (see Fig. 3). This way possible time delays between the
generation of radio GPs and VHE γ rays were included in the
search procedure. The described approach results in a total of 30
correlation searches.
3.2. Monte Carlo Simulations
3.2.1. Radio Simulations
Two statistical properties of the radio data were reproduced in
the MC simulations: the average phase profile which we mod-
eled by two Gaussians and the interarrival time between subse-
quent GPs. We modeled the interarrival times directly from the
observed separations.
The interval between successive GPs was calculated and stored
in a list. The list of interarrival times derived from observations
was used instead of an analytic exponential distribution for two
reasons: 1) There were non-trivial deviations from the exponen-
tial distribution due to the phase bound occurrence of radio GPs;
2) There were deviations at large time separations (more than
50 rotation periods) due to the fact that the observations at both
telescopes were interrupted by weather, data write-out and other
technical constraints.
Due to time gaps within the radio data sets (introduced dur-
ing data recording to produce data chunks which were shorter
in time and thus easier to reduce off-line), all interarrival times
longer than 30 seconds were excluded from the simulation. All
interarrivals shorter than this threshold were stored in a list. In
the MC simulation a random interarrival time was fetched from
the above-described list instead of drawing from an analytic
exponential distribution. The parameters of the average profile
were obtained by fitting Gaussian distributions to the P1 and P2
components in the radio data. To increase the signal-to-noise-
ratio, the fit was performed on all the radio data collected dur-
ing this campaign, with the exception of the Effelsberg data sets
from 2013-01-09 and 2013-02-07 since both were taken at differ-
ent center frequencies (see Table 2). A more detailed explanation
can be found in Lewandowska (2015).
3.2.2. γ-Ray Simulations
In order to asses the significance level of the correlation, we pro-
duced correlation-free γ-ray data and searched for a correlation
with the real radio data. The synthetic data had to reflect all the
statistical properties of the real data. We produced such a data
set in the following way3:
3 Additional details can be found in Appendix A.
1. The rate of events (before selection by hadroness or θ2 pa-
rameters) was converted into a cumulative distribution func-
tion (CDF) with bin widths of one second.
2. A uniform random number was drawn and the first bin in the
CDF was located where the fraction of events exceeds that
random number.
3. A second uniform random number was drawn in order to
determine a time stamp in the one second interval covered
by the bin.
4. The time stamp obtained in step 3 does not yet reflect the
fact that the VHE γ-ray data contains the pulsations from the
Crab pulsar. Therefore, the time stamp was slightly modi-
fied in the following way: the event stayed within the same
pulsar period, but the phase inside the rotation was drawn
from a model containing a uniform background and two
Gaussian peaks. This model was obtained by fitting the ob-
served pulsed profile (after hadronness and θ2 cuts). The ad-
justed phase was then converted back into a time value using
the Taylor expansion formula (Equation 8.4 in Lorimer &
Kramer 2012).
5. The steps 2, 3 and 4 were repeated M times. For each MC
data set, M was drawn randomly from a Poisson distribu-
tion with a mean of Nproc, where Nproc is the total number of
events after hadronnes and θ2 cuts. This way, one can get a
synthetic uncorrelated VHE γ-ray data set with M events.
To calculate confidence intervals with sufficiently low sta-
tistical error, 200 different synthetic VHE γ-ray data sets were
produced by repeating the above procedure. As shown below in
Section 3.3, we did not find a statistically significant correlation.
Therefore we calculated and report upper limits to the degree of
correlation. For this purpose we defined a correlation parame-
ter κ, which is the fraction of γ-ray events arriving simultane-
ously to an observed GP. Using this parameter we also generated
synthetic correlated γ-ray data sets with different values of the
parameter κ. At first we generated a uncorrelated γ-ray signal
using the described procedure, but the arrival times of κ · Npulse
events were replaced by randomly picked arrival times of radio
GPs, Npulse being the number of detected pulsed events in the
real VHE γ-ray data.
3.3. Results
The number of coincidence events in the observational data for
different SWs are shown in Fig. 4, together with the uncorre-
lated simulation results (top) and the perfectly correlated (κ = 1)
simulation results (bottom). Error bars for simulation results are
obtained as a 1 σ fluctuation among 200 data sets (see Sec. 3.2).
As can be deduced from the top panel of Figure 4, the ob-
served enhancement of VHE γ-rays becomes higher for shorter
search windows centered on a GP, though the bottom panel
shows the correlation is well below 100%. Therefore, only the
number of VHE photons in a search window centered on a radio
GP for a window length of 1/9, 1/3, 1 and 3 Crab pulsar rotation
periods will be examined in the forthcoming part of the analysis.
To determine the enhancement quantitatively, MC simulations
with different κ values are compared with the corresponding data
point. The results are shown in the right hand plots of Fig. 5.
The cyan line represents the data point from the respective
search window. The red ticks correspond to the average values
of the VHE γ-ray MC simulations for different values of κ. The
1 σ range around the average values is indicated by the vertical
red bars as well as the green lines. The blue lines stand for the
1.96 σ range. Since a linear scaling of both the average and the
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Fig. 4: Enhancement of VHE photons around occurring radio GPs resulting out of data sets (marked with crosses) and VHE γ-ray
MC simulations (indicated by bars). The upper plot shows the results for a perfectly uncorrelated VHE γ-ray signal in the MC
simulations (κ = 0), while the lower plot reports the flux enhancement results for an injected VHE γ-ray signal which is perfectly
correlated with GPs resulting from the radio data in a centered search window (κ = 1). The latter plot shows more clearly an increase
of the number of VHE γ-rays centered on radio GPs for shorter search windows resulting from the data sets, indicating that the
correlation is located at κ < 1.
upper and lower limits are expected, the plot also contains fitted
linear trend lines as dashed curves. To determine the best esti-
mated value of κ which reflects the enhancement of VHE γ-rays
seen in the data, we calculate the intersection of the horizontal
cyan data line with the linear trend lines4. This procedure is car-
ried out for all four search window lengths. The corresponding
results are given in the upper 4 rows of Table 4. The most sig-
nificant deviation of κbest is seen at a search window of 1/9 of
the rotation period, which is in accordance with Figure 4. Since
none of the κbest is significantly larger than 0, 95% level upper
limits on κ are also calculated on each window size, as the inter-
4 in one case (SW=3) this required extrapolation to κ >0.5, beyond the
range for which MCMC simulations were performed.
section between the cyan and blue lines in the figure. They are
shown in the column of "CI95%" in Table 4.
3.3.1. Phase-resolved Analysis
In order to differentiate between P1 and P2 GPs (which corre-
spond in this particular analysis to MP and LFIP as discussed
in Sec. 1), we carry out the same analysis with radio GPs only
within the phase ranges 1) between −0.02 and 0.02 (centered on
MP radio phase) and 2) between 0.37 and 0.42 (centered on LFIP
radio phase, see Table 1). The corresponding results are shown
in Figure 6 and 7 and are summarized in Table 4.
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Fig. 5: From top to bottom: Search windows of 3, 1, 1/3 and 1/9 Crab pulsar rotation periods length. Left: Enhancements of VHE
γ-rays before, centered on and after a radio GP. The gray bar indicates the search window for which the κ dependence is studied in
the respective right hand plot. Right: The horizontal cyan line indicates the number of VHE γ-rays in the search window centered
on GPs (the corresponding value from the observed data is indicated by a cross in the left hand plot. The normalization of the y-axis
between the two columns is different). The plot also contains the results from 50 different sets of γ-ray MC simulations, using
different values of κ. The average of each set is indicated by a red tick. The 1σ range is indicated by the green lines, the 1.96σ range
(corresponding to a rejection of the null hypothesis on a p = 0.05 confidence level) is indicated by the blue lines.
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Table 4: Results of the correlation study between radio GPs and γ-rays that appear to be correlated with radio GPs (resulting from
the intersection values between linear fits of γ-ray MC simulations and data points in the right hand figures of Fig. 6 and Fig. 7).
Component SW κbest CI95% perr FUL
[Pcrab] [%]
ALL 3 0.12+0.23−0.12 0.61 0.31 340
ALL 1 0.17+0.14−0.14 0.45 0.11 740
ALL 1/3 0.079+0.079−0.079 0.24 0.14 1200
ALL 1/9 0.086+0.048−0.048 0.19 0.04 2900
(P1+P2)γ 3 0.074+0.075−0.074 0.24 0.19 12
(P1+P2)γ 1 0.018+0.043−0.018 0.11 0.38 17
(P1+P2)γ 1/3 0.055+0.032−0.055 0.13 0.06 60
P1r 3 0.08+0.21−0.08 0.52 0.37 15
P1r 1 0.05+0.12−0.05 0.30 0.35 25
P1r 1/3 0.103+0.087−0.087 0.30 0.10 76
P2r 3 0.129+0.055−0.055 0.25 0.01 34
P2r 1 0.018+0.029−0.018 0.09 0.27 36
P2r 1/3 0.016+0.022−0.016 0.07 0.25 85
Notes. The first column indicates the used data sample without phase cuts (marked "ALL"), only P1 and P2 in the VHE γ-ray data + MCs (marked
with a γ) and P1, P2 based on Gaussian fits in the radio data (marked with an "r"). Their indices reflect whether the phase cuts are based on the
radio, or γ-ray data. The acronym SW is standing for search window length, PCrab is the rotation period of the Crab pulsar, κbest is the intersection
value, CI95% is the upper value of the corresponding 95% confidence interval, perr the probability to obtain the observed number of events based on
the mean and standard deviation of the MC simulations and FUL the upper limit of the flux normalized to the pulsed VHE flux of the Crab pulsar.
4. Discussion
The present results do not show a statistically significant corre-
lation between radio GPs and VHE γ-rays from the Crab pulsar.
No correlation was found also in several studies carried out in the
past, including the work of Argyle et al. (1974); Lundgren et al.
(1995); Bilous et al. (2011); Mickaliger et al. (2012); Aliu et al.
(2012). A correlation with optical photons was found by Shearer
et al. (2003), as a 3% higher average intensity over many periods
with GPs observed. In order to compare this study with previous
ones, it is useful to convert κ to the factor of flux enhancement
during GPs. It can approximately be done as follows. Upper lim-
its in number of γ-rays accompanied with a radio GPs (NUL) are
NUL = κUL · Nγ (1)
where Nγ is the number of observed pulsed γ-rays which is
443.0 ± 73.4 as shown in Fig. 2. Total observation time "around
GPs" TGP can be computed from the number of obtained number
of GPs NGP and the size of the search window TSW as
TGP = NGP · TSW = NGP · PCrab · fSW (2)
where fSW is the search window in fraction of the rotation period,
such as 1/9, 1/3, 1 and 3 for this study. Since NGP is 99444 as
shown in Table 2, TGP ' 0.93 · fSW hours.
NUL/TGP should be compared with Nγ/Ttotal, where Ttotal is
the total observation time which is 16 hours. Then, the upper
limit in the flux enhancement FUL is written as
FUL = (NUL/TGP)/(Nγ/Ttotal) (3)
=
(κ · Nγ)/(NGP · PCrab · fSW )
Nγ/Ttotal
(4)
= 17.3 · κ/ fSW (5)
Therefore, the upper limit in κ of 0.45 for fSW = 1 (see Ta-
ble 4) translates to 740% of flux enhancement while κ of 0.19
for SW = 1/9 translates to 2900%. This calculation shows that
the sensitivity at γ-ray energies and telescope time available for
this study are not sufficient to detect a statistically significant
correlation or place an upper constraint comparable to the corre-
lation observed in the optical regime. The corresponding expres-
sions in Equation 5 for the phase resolved analysis are FUL,P1 =
0.848∗κ/ f and FUL,P2 = 4.04∗κ/ f , accounting for the number of
GPs (82055 and 17041 respectively) and the shortening of Ttotal
due to the phase cuts.
The only existing theoretical prediction for a correlation at
frequencies higher than 5 GHz is given by Lyutikov (2007).
However, this model is applicable to radio GPs at the phase
ranges of P2 above 5 GHz, which does not cover the frequency
range of the observations presented in this work, making the
model not applicable to our observations. The studies by Bilous
et al. (2011) and Aliu et al. (2012) addressed radio GPs above
5 GHz, and reported 95% confidence level upper limits on the
enhanced flux of 5− 10 times higher the flux measured by VER-
ITAS. The higher energy threshold of VERITAS combined with
the steep power-law spectrum of the Crab pulsar may have lim-
ited the sensitivity of the study. The correlation study carried out
by Mickaliger et al. (2012) at 300 MHz and 1.2 GHz did not re-
sult in any statistically significant findings in spite of extended
searches for coincidences between radio GPs and GeV γ-rays.
In the latter case data taken by the Large Area Telescope (LAT)
on board the Fermi satellite (Abdo et al. 2009) were used which,
in comparison with the present work, provided data with a lower
background. The data set was spanning over 15 months but the
smaller collection area of the space-borne detector could be a
limiting factor regarding the number of detected events which
might be the reason for not detecting any correlation. The Hit-
omi X-ray satellite also searched for a correlation between radio
GPs and soft X-rays. Hitomi Collaboration et al. (2018) report
upper limits of 22% to 80% of the peak flux at a range of 2 to
300 keV.
A recent review on the radio emission physics of the Crab pul-
sar given by Eilek & Hankins (2016) suggests that the observed
radio and high energy emission might have origin in the same
spatial regions within the magnetosphere, due to the fact that
both main radio and high energy emission components appear
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Fig. 6: Results as described in Figure 5 for the P1 emission component (MP radio phase). The MC error bars in the left hand part of
this figure were computed for κ = 0 and not for the best fit κ value.
approximately at the same phase ranges. However, a satisfactory
theoretical approach still needs to be found. The variety of insta-
bilities in the radio emission of the Crab pulsar (including GPs)
leads to the assumption that the radio emission sites are dynamic
and unstable (Eilek & Hankins 2016). The connection between
these regions and the high energy emission is still an open ques-
tion. Since the Crab pulsar has been an object of regular moni-
toring campaigns at radio (Lyne et al. 1993) as well as at VHE
γ-ray wavelengths (Meyer et al. 2010), we suggest a coordina-
tion of the respective observations. Simultaneous observations at
both energy ranges can lead to a further examination of the ob-
tained results, especially below and above 5 GHz by including
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Fig. 7: Results as described in Figure 5 and Figure 6 for the P2 emission component (LFIP radio phase).
radio GPs from the Crab pulsar at frequencies before and after
the described transition.
5. Summary
In this work a correlation study between radio GPs and γ-rays
above 60 GeV from the Crab pulsar is presented. The data used
for this study were taken with the Effelsberg radio telescope (at
1347.5 MHz and 1410 MHz), the WSRT (at 1380.0 MHz) and
the MAGIC telescopes (Figures 1, 2). The total overlap between
the radio and γ-ray observations (excluding all gaps which are
longer than one minute) results in 16 hours (see Table 2). The ap-
proach for our correlation search is based on the idea described
in Aliu et al. (2012), consisting of the construction of search win-
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dows around the TOA of each radio GP resulting from the radio
data (see Fig. 3). We compare the amount of VHE γ-rays around
a radio GP resulting from the observational data and MC simula-
tions which are based on the timing characteristics of the data. To
estimate the degree of correlation, we inject a variable level of a
signal which is perfectly correlated with radio GPs into the sim-
ulations. With this approach we determine the fraction of VHE
photons which appear to be correlated with radio GPs (indicated
by component "ALL" and denoted as κbest in Table 4).
Based on the described study, we conclude the following:
– No statistically significant correlation between VHE pulsed
photons and radio GPs at 1.4 GHz was found for search win-
dow sizes of 1/9, 1/3, 1, and 3 times the rotation period.
– The most stringent upper limit in the correlation degree was
obtained for the search window of 1/9 of the rotational pe-
riod, and not more than 19% of the γ-rays are accompanied
by GPs. This corresponds to an upper limit on the increase in
pulsed flux of no more than 2900% at 95% confidence level.
– GPs in MP and LFIP are separately analyzed, and the corre-
sponding upper limits are presented in Table 4. Converting
the correlation to a flux enhancement relative to the pulsed
flux, we find upper limits between 15% (P1 phase cut, search
window of 3 PCrab) and 85% (P2 phase cut, search window
of 1/3 PCrab). The phase cuts do allow to place more stringent
upper limits, but no statistically significant correlation could
be found.
Future observations with a larger overlap or higher sensitivity
as hopefully provided by the Cherenkov Telescope Array (CTA,
Acharya et al. 2013; CTA Consortium 2019) will help to pro-
vide further constraints in the still open question of a correlation
between radio GPs and the VHE γ-ray emission from the Crab
pulsar.
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Appendix A: Description of Monte Carlo
Simulations
The interpretation of the flux enhancements critically relies on
the prediction of coincident radio and γ-ray counts from un-
correlated events. The extraction of statistical features of the
present radio and γ-ray observations, as well as the construction
of the simulated MC observations (which have the same statis-
tical properties but are uncorrelated by construction), are here
described step by step. Afterwards the γ-ray events which are
coincident with radio GPs in some short search window can be
regarded as real, potentially correlated, observations.
Appendix A.1: Determination of Statistical Properties - Radio
Observations
Appendix A.1.1: Event Count
The first property, which is matched by synthetic observation,
is the total number of observed radio GPs. This number is deter-
mined for each night of observation and is designated by N (note
that there is no relation with the quantity N from Sec.3.2.2).
Appendix A.1.2: Phase Profile
The second property reproduced is the phase bound occurrence
of GPs. GPs have been observed only at the phase ranges of P1
and P2. The distribution of GPs is modeled by a Gaussian func-
tion. Since the observational GP data used for this study only
includes single pulses brighter than 5 times the rms (7 times the
rms in the case of Effelsberg data) of the raw data, they contain
few pulses outside of the average emission components. One set
of statistical parameters for each observing night are the ampli-
tude a, the phase m and the width s for both regular emission
components P1 and P2. The data are then modeled by the prob-
ability p that a GP arrives at a rotational phase ϕ.
p(ϕ) =
a1√
2pis1
exp (−1
2
(ϕ − m1)2
s21
) +
a2√
2pis2
exp (−1
2
(ϕ − m2)2
s22
)(A.1)
The normalization of p is such that the integral over all prob-
abilities
∫ 1
0 p(ϕ)dϕ = N, where N is the total number of GPs
observed in the respective night. The rotational phase ϕ is re-
stricted to the range 0 . . . 1 and the probability density is aliased
to this range. Hence any remaining nonzero probability for the
arrival at ϕ = 1.01 is added to the probability for an arrival at
rotational phase ϕ = 0.01 (of the next rotation). The fitting pro-
cedure which is used to determine values of a, m and s from the
observed data operates on binned rotational phases ϕ with 1000
bins for the interval 0 . . . 1. The procedure is first done jointly
for all observations that were carried out with one telescope at
one frequency (see Table1 for details). The results of this first
fit, made robust by the large number of available events, are then
used as starting parameters for the individual fitting of all obser-
vation nights.
Appendix A.1.3: Interarrival Times
The third set of statistical properties represented is the distribu-
tion of interarrival times between successive GPs. The interar-
rival times are modeled directly from observed separations. To
be able to do this, the interval between successive GPs was cal-
culated and stored in a list. Excessively large intervals, e.g. above
30 seconds, were discarded. The usage of the list of interarrival
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times in the Markov Chain Monte Carlo (MCMC) simulation of
synthetic observations is described below.
Appendix A.2: Determination of Statistical Properties - γ-ray
Observations
Appendix A.2.1: Phase Profile
The γ-ray observations employed in the present work have a
substantially higher level of background emission and therefore
need to be modeled differently. The distribution of γ-ray events
over rotational phase is very similar to the respective distribution
for radio GPs, but includes a constant background a3:
p(ϕ) =
a1√
2pis1
exp (−1
2
(ϕ − m1)2
s21
) +
a2√
2pis2
exp (−1
2
(ϕ − m2)2
s22
) + a3(A.2)
To determine all parameters in this equation, all observed
γ-ray events are binned into 200 phase bins and fitted with the
above equation.
Appendix A.2.2: Event Counts
We refer to the fact that the total number of events N is split into
a number of "background" events
Noff =
∫ 1
0
a3dϕ (A.3)
and "pulsed" events
N1,2 =
∫
a1,2√
2pis1,2
exp (−1
2
(ϕ − m1,2)2
s21,2
)dϕ (A.4)
Appendix A.2.3: Trigger Rates
The distribution of interarrival times in this case is dominated
by background events and is therefore not as relevant as for the
radio data. However, there is another effect which needs to be
modeled in order to avoid systematic differences between real
and synthetic observations generated from the MCMC simula-
tion: the telescope performance varies according to zenith an-
gles, moonlight and weather conditions. To take that in account,
the raw trigger rate is determined for every one second interval
and is later used to create events which follow the correct arrival
rate over the course of the night. The raw trigger rate is used
because of its stability respect to discrete Poisson noise. While
examining the data, we found that the fraction of γ-ray events is
constant even during changes in the trigger rate.
Appendix A.2.4: Identification of Time Windows with
Multi-wavelength Coverage
The observations at radio wavelengths and γ-rays show gaps in
coverage due to unfavorable weather conditions, switches be-
tween sub-runs during data-taking and hardware problems. Con-
sequently, only time windows during which observations at both
wavelength ranges were successfully carried out can be used for
our data analysis. The existence of gaps in the middle of the ob-
serving night might alter the overall statistics and therefore has
to be modeled in the MCMC simulations as well. We assume that
a gap exists in the multi-wavelength coverage when no radio GP
or γ-ray event has been received for one minute. The currently
open observing window is closed at the arrival time of the last
event before the gap and a new window is tentatively started. If
the length of a resulting window is below the cutoff length, it is
omitted.
Appendix A.3: Determination of the Arrival Rate of (nearly)
Coincident Events
The fundamental idea of the analysis method is to take a radio
GP, take a small time window around it and to count the number
of γ-ray events in that window. This is repeated for all radio GPs
and the total number of γ-ray events in all such search windows
is added up. At the end the total number is divided by the number
of radio GPs and the duration of the search window to give an
estimate of the γ-ray count rate which is nearly coincident with
radio GPs for the given width of the search window. Emission
processes that lead to the production of both, radio GPs and γ-
rays, but with some small time lag between the two, cannot be
excluded. Therefore the analysis process does not only use one
SW, centered around the arrival time of the radio GP, but two
additional SWs of the same length. The "before" window covers
the time span before the start of the centered window and the "af-
ter" window starts at the end of the centered window. See Fig. 3
for an illustration of the relative timing of the search windows.
Other staggerings are imaginable, such as an "early" window
which covers a time interval exactly up to the BAT (Barycen-
tered Arrival Time) of the radio GP, or a "late" window that starts
at this BAT. However, such staggering does not allow for the fol-
lowing implementation method that is used to efficiently com-
pute the arrival rates for search windows of different length. The
shortest SWs cover 1/9 of one pulsar rotation and there are sep-
arate "before", "centered" and "after" windows. The three SWs
together are 1/3 of a pulsar rotation and are centered around the
arrival time of the radio GP. In other words, they cover exactly
the "centered" SW for the duration of 1/3 rotation. Together with
the "before" and "after" windows of 1/3 rotation each, one pul-
sar rotation is covered. This nested construction continues all the
way the "centered" window of the longest duration, 37 rotations.
In total the 10 different SWs durations require 21 nested win-
dows, which can be computed during a single pass through the
data. To output the arrival rates for a given duration, the windows
of longer durations are ignored and all windows of shorter dura-
tions are summed to determine the number of events in the "cen-
tered" window. This method has reduced the analysis run time
by nearly one order of magnitude, compared to an initial, more
naive implementation that computed the arrival rates for each
duration of the SW separately. Further implementation methods
are required to find all γ-ray events that fall into the search win-
dow of a radio GP with acceptable performance. First of all, all
events are loaded into memory, checked against the time win-
dows of overlapping multi-wavelength coverage and stored in
two lists for radio and γ-ray BATs respectively. Both lists are af-
terwards sorted in time. The analysis script then loops over all
radio GPs in the first list. The monotonously increasing BAT of
the radio GPs and the sorted nature of the γ-ray BAT list allows
two important optimization steps: 1) Every γ-ray event that hap-
pened before the start of the "before" window with the longest
duration relative to the last radio event, comes too early in time
to fall into any search window relative to the current radio GP.
2) Once one γ-ray event falls past the end of the "after" search
window of the longest duration, no subsequent γ-ray event will
fall into any search window relative to the current radio GP. This
procedure reduced the number of γ-ray events which need to be
considered significantly. The calculation of the time difference
between the γ-ray event and the radio GP and the conversion into
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pulsar periods can be skipped entirely for a large fraction of γ-
ray events. The computation is not particularly time-consuming,
but the large number of combinations between every radio event
and every γ-ray event would produce a large overall run time.
The first optimization requires that a marker is maintained for
the last γ-ray event which was too early for the previous radio
GP. When the iteration for the current radio GP starts at that
point in the list of γ-ray BATs and an event is found which is
before the start of the first search window, the marker needs to
be incremented accordingly. This state is very easy and cheap to
maintain and incurs no noticeable performance cost.
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